In bacteria, K þ is used to maintain cell volume and osmotic potential. Homeostasis normally involves a network of constitutively expressed transport systems, but in K þ deficient environments, the KdpFABC complex uses ATP to pump K þ into the cell. This complex appears to be a hybrid of two types of transporters, with KdpA descending from the superfamily of K þ transporters and KdpB belonging to the superfamily of P-type ATPases. Studies of enzymatic activity documented a catalytic cycle with hallmarks of classical P-type ATPases and studies of ion transport indicated that K þ import into the cytosol occurred in the second half of this cycle in conjunction with hydrolysis of an aspartyl phosphate intermediate. Atomic structures of the KdpFABC complex from X-ray crystallography and cryo-EM have recently revealed conformations before and after formation of this aspartyl phosphate that appear to contradict the functional studies. Specifically, structural comparisons with the archetypal P-type ATPase, SERCA, suggest that K þ transport occurs in the first half of the cycle, accompanying formation of the aspartyl phosphate. Further controversy has arisen regarding the path by which K þ crosses the membrane. The X-ray structure supports the conventional view that KdpA provides the conduit, whereas cryo-EM structures suggest that K þ moves from KdpA through a long, intramembrane tunnel to reach canonical ion binding sites in KdpB from which they are released to the cytosol. This review discusses evidence supporting these contradictory models and identifies key experiments needed to resolve discrepancies and produce a unified model for this fascinating mechanistic hybrid.
K þ transport and the need for an active pump
The role of K þ in osmoregulation All cells need to control the contents of their cytoplasm and to maintain their cellular volume. This is especially challenging for bacteria, as they must rapidly adapt to environments with widely varying compositions and concentrations of essential solutes. For bacteria, membrane transport represents the primary control mechanism. In the case of volume, the cell controls osmotic forces across the membrane to avoid rupture, on the one hand, or dehydration and collapse, on the other. Osmosis refers to the flow of water across the cell membrane and can be driven by gradients of impermeable solutes which generate osmotic pressure. Cells with a stabilizing cell wall, like Escherichia coli, maintain a strong positive osmotic pressure inside the cell, which is referred to as turgor. K þ is by far the most abundant cation in the cytosol and is thus the dominant contributor to turgor pressure (Epstein, 2003) . The cell membrane is largely impermeable to K þ and, by establishing a K þ gradient, the cell generates osmotic pressure and an electrochemical membrane potential which are used to adapt to changing environmental osmolalities. As a cell grows, it must take up K þ to drive an expansion of cell surface and volume; this process requires energy. In non-growing cells there is a balance between uptake and release of K þ and a tight regulation of the relevant transport systems maintains homeostasis. Depending on extracellular osmolality and pH, the intracellular K þ concentrations in bacteria range between 0.2 and 1 M (Richey et al., 1987) and inside negative membrane potentials between À100 and À150 mV (Damper & Epstein, 1981; Krulwich et al., 2011) .
Regulation of K þ concentration
Bacteria have a variety of uptake systems designed to maintain stable cytoplasmic K þ concentrations at different external K þ concentrations. In the case of decreased osmolality of the surrounding medium (osmotic downshock), the bacteria releases K þ in addition to other osmolytes like glutamate, trehalose, putrecine, and proline (Altendorf et al., 2009) . The ions are released through K channels such as KefB and KefC (Epstein, 2003) and through the nonselective mechanosensitive channels MscS and MscL (Booth & Blount, 2012) . In the case of increased osmolality (osmotic upshock), K þ accumulation rapidly occurs through the Trk potassium uptake system . These systems have K þ affinities in the order of 0.5 mM (TrkG) and 2.5 mM (TrkH) and some might be energized by the proton-motive force and/or regulated by binding of ATP (Diskowski et al., 2015; Stewart et al., 1985) . A further K þ uptake system, Kup (formerly TrkD) has a K þ affinity in the order of 0.4 mM (Bossemeyer et al., 1989) , but is not involved in osmoregulation (Schleyer et al., 1993) . These K þuptake systems are constitutively expressed and are sufficient for most environments the bacteria encounter. In K þ deficient environments (<100 mM), however, expression of the KdpFABC complex is induced to actively pump K þ across the plasma membrane with an apparent K þ affinity of about 2 mM (Rhoads et al., 1976 ).
The Kdp system comprises two operons (Figure 1 ), one of which contains the genes of proteins that sense and respond to environmental conditions (kdpDE) and the other provides the genes of the protein complex which carries out the transport process (kdpFABC) (Polarek et al., 1988) . KdpD and KdpE form a two-component system able to sense K þ -limiting conditions and then to trigger expression of the pump (Altendorf et al., 1994) . Although the function of KdpD as a membrane-bound sensor kinase and KdpE as a soluble response regulator is generally agreed (Epstein, 2016; Heermann & Jung, 2010) , the precise signal recognized by KdpD is still under discussion. The most recent proposal is that KdpD does not sense turgor pressure directly, but instead senses the concentration of two cations in the cytoplasm, Na þ and NH 4 þ (Epstein, 2016) . Upon activation, KdpD autophosphorylates a histidine residue in its cytoplasmic tail, transfers this phosphate to KdpE, which binds to the promotor that activates kdpFABC transcription and expression of the KdpFABC complex (Heermann & Jung, 2010) .
Types of ion transport
In principle, there are two different modes of transport that account for the uptake and release of cations across the membranes of all living cells: passive and active (Gadsby et al., 2009) . In passive transport, ions or other hydrophilic substances move "downhill", following their electrochemical potential gradient across the membrane. The diffusion rate of cations through the hydrophobic core of the lipid bilayer is quite small, but is greatly facilitated by ion channels which the cell is able to regulate by a variety of different mechanisms (Hille, 2001) . On their own, these passive transport systems would eventually equilibrate ion concentrations across the membrane, and therefore, are not able to maintain the ion gradients that produce turgor pressure and more generally sustain the cell. Therefore, active transport systems exist to transfer substrates "uphill" against their electrochemical gradients. The energy for such uphill transport is provided in two different ways. For the first, called primary active transport, energy is provided directly by Figure 1 . The Kdp K þ -uptake system is closely regulated at the transcriptional level. The control is mediated by the sensor kinase KdpD and the response regulator KdpE, which are expressed constitutively. In an environment with K þ deficiency, KdpD phosphorylates KdpE, which then promotes transcription of the kdpFABC operon and expression of the KdpFABC complex.
light, redox energy or hydrolysis of energy-rich compounds such as ATP (L€ auger, 1991) . For the second, called secondary active transport, the uphill transport of one substrate is coupled to the downhill movement of a second substrate, whose electrochemical potential gradient drives the process (Stein, 1986) . The KdpFABC complex functions as a primary active transporter that uses ATP as an energy source. This complex is an unusual hybrid in which a subunit related to a family of K þ channels is associated with a subunit related to ATP-dependent ion pumps. The way in which these subunits work together to accomplish K þ transport has been a topic of great interest for at least 40 years.
K þ channels and the superfamily of K þ transporters Ion channels are ubiquitous across the phylogenetic tree. Although initially discovered in nerve axons where they promote propagation of electrical signals, ion channels also play key roles in plants, fungi and prokaryotes. As illustrated by the bacterial archetype, KcsA, these molecules are capable of a high flux of a specific ionic species across the membrane. KcsA is composed of two transmembrane helices separated by a P-loop (M 1 PM 2 ). This motif assembles into a homotetramer in which the P-loop crosses the extracellular leaflet of the membrane as "pore" helix and then folds back with a Gly-rich loop that provides oxygen ligands within a pore that also serves as a selectivity filter for K þ . This basic architecture has diversified greatly to accommodate different ionic species and to incorporate a variety of different gating mechanisms to control transport. TrkH and KtrB are two closely related channels from the Trk protein family that helps to maintain K þ concentrations and turgor in bacteria. These channels are members of the Superfamily of K Transporters (SKT), which also includes HKT1,2 from plants and Trk1,2 from yeast (Diskowski et al., 2015; Waters et al., 2013) . Members of the SKT superfamily are the product of gene duplications which have produced a four-fold genetic repeat of the original subunit represented by KscA. TrkH and KtrB retain the central selectivity filter, but have lost the strict fourfold symmetry of the homotetrameric KcsA and have added a distinctive kinked helix to the third repeat (D3), which has been proposed to function in gating (Cao et al., 2013) . Both TrkH and KtrB are associated with soluble subunits (TrkA and KtrA, respectively) that control ion flux in response to ATP binding by interaction with the gate (Diskowski et al., 2015) . Although the structural mechanisms are still under investigation (Diskowski et al., 2017) , one hypothesis is that the oligomeric assembly of soluble domains undergoes a conformational change that pulls on the D3M 2 helix to open the gate and allow K þ to flow across the membrane.
Active transport and the P-type ATPases ATP hydrolyzing ion transporters (or ATPases) are divided in three subclasses, the F-type (called A-type in archaea), V-type and P-type ATPases. F-type, V-type and A-type ATPases have key sequence homologies and subunit architectures that underline their phylogenetic kinship (Coskun et al., 2004; Gogarten et al., 1989) . P-type ATPases are the largest group of the ion-translocating ATPases that have diversified to perform many different and distinct roles in membranes (K€ uhlbrandt, 2004; Palmgren & Nissen, 2011) . They are divided into ten families, members of which are found in almost all eukaryotic cells and in bacteria (Axelsen & Palmgren, 1998; Chan et al., 2010; Pedersen et al., 2014) . The name is derived from the reaction intermediate formed when a highly conserved aspartic acid is phosphorylated (Pedersen & Carafoli, 1987) . A common cycle of ATP hydrolysis incurs several intermediates with specific chemistry at the active site. As a result, P-type ATPases are often inhibited by characteristic transition state analogs such as vanadate, and fluoride derivatives of Al, Be and Mg.
The first P-type ATPase studied in detail was the Na,K-ATPase. The pump cycle was named after Robert L. Post and R. Wayne Albers, who showed how enzyme and transport activities were related to each other (Albers, 1967; Post et al., 1972) . The main features of this so-called Post-Albers cycle are common to all P-type ATPases investigated so far ( Figure 2 ). It defines two principal conformations: E 1 , in which the ion binding sites are accessible to the cytoplasm, and E 2 , in which the ion sites are accessible to the extracellular or luminal milieu. In the first half of the cycle, ATP hydrolysis and enzyme phosphorylation drive the protein conformation from E 1 to E 2 -P. In the second half cycle, enzyme dephosphorylation accompanies return to the E 1 conformation. These catalytic steps take place in the cytoplasmic domains and are allosterically coupled to ion transport in the transmembrane domain. Transport of two distinct ion species occurs according to a consecutive (or "ping-pong") mechanism. In the first half cycle the first ion species is typically exported out of the cytoplasm, whereas in the second half cycle, the so-called counter ions are imported into the cytoplasm. During the transient, high-energy phosphorylated state known as E 1 -P, ion sites are occluded within the membrane domain as they are switched from one "access channel" to the other. This occluded state represents a critical distinction between channels and active transporters and precludes any unconstrained flow of ions through the protein.
The KdpFABC complex
The KdpFABC transport system was discovered in the early 1970s (Epstein & Davies, 1970; Epstein & Kim, 1971 ) and has been generally described as P-type ATPase. This point of view arose because the KdpB subunit has all the hallmarks of a P-type ATPase; namely, KdpB has vanadate-sensitive ATPase activity, forms an acid-stable phosphoenzyme intermediate, and carries conserved signature sequences that are characteristic of this superfamily (Hesse et al., 1984) . Nevertheless, a fundamental difference was established when transport-deficient mutations produced first by conventional UV irradiation (Buurman et al., 1995) and later by amber suppression scanning mutagenesis (Dorus et al., 2001) were all localized on the KdpA subunit. This result indicated that transport activity and ATP hydrolysis occurred on separate subunits, thus implying a completely novel mechanism for coupling these events. The KdpA subunit was shown to contain conserved signature sequences of SKT proteins (Durell et al., 2000) , which includes TrkH and KtrB that are responsible for controlling cytoplasmic K þ concentrations under normal conditions. Although TrkH and KtrB function as channels, they are associated with accessory subunits (TrkA and KtrA, respectively) that control their gates. Thus, one could argue that KdpA recruited a P-type pump subunit in order to augment the physiological function of SKT proteins in K þ homeostasis.
Although it may be difficult to resolve the evolutionary progression, the KdpFABC complex presents an intriguing study in allostery, in which an ATPase subunit is used to convert a passive channel-like architecture into a coupled machine that is able to transport K þ ions against a concentration gradient spanning up to six orders of magnitude. A detailed understanding of this allostery is likely to enhance our appreciation of the individual components and thus shed light on mechanisms employed by other members of both SKT and P-type ATPase families.
Functional studies
Formation of the phosphorylated intermediate Sequence analysis established KdpB as a P-type ATPase, and functional studies were used to show that it also employed a related mechanism. To start, Siebers and Altendorf demonstrated the formation of a covalently phosphorylated intermediate (Siebers & Altendorf, 1989) . For this work, a mutant with lowered K þ affinity was used to explore the kinetics of reaction cycle and the dependence of the phosphorylation reaction on pump-specific substrates. Specifically, the KdpA mutation Q116R decreases the very high K þ affinity of wild type protein (K m of $2 lM increases to 6 mM), thus eliminating baseline activity due to unavoidable traces of K þ in working buffers. Experiments with E.coli plasma membrane fragments provided clear evidence for K þ -dependent phosphorylation of KdpB and the ability of hydroxylamine to hydrolyze this phosphoenzyme suggested that phosphorylation occurred on a carboxyl group, which was subsequently shown to be D307 (Puppe et al., 1992) . The highest steady-state level of phosphorylation was obtained in the absence of K þ , which suggested that once formed, there was a very low rate of phosphoenzyme decomposition. In the presence of saturating 10 mM K þ , the ATPase activity was maximal but the phosphorylation level was reduced to <40%. From this study a first reaction scheme was proposed (Siebers & Altendorf, 1989) : (1) A K þ -independent Figure 2 . Generalized Post-Albers cycle for P-type ATPases. E 1 and E 2 represent conformations with ion-binding sites facing the cytoplasm and extracellular medium, respectively. X and Y are ionic species that are transported consecutively out of and into the cytoplasm with stoichiometries of m and m, respectively. (X m )E 1 P, and E 2 (Y m ) represent occluded states in which the ions are bound within the membrane domain and are unable to exchange with either aqueous phase. E 1 P and E 2 P represent states in which a conserved catalytic aspartate residue is phosphorylated. In general, formation of this phospho-enzyme accompanies transport of the X ions out of the cytoplasm in the first half cycle, whereas dephosphorylation and transport of the Y ions into the cytoplasm occurs in the second half cycle.
protein kinase activity led to the formation of the phosphorylated intermediate, E 1 ! E 1 -P. (2) A K þstimulated phosphatase activity promoted the breakdown of the phosphointermediate, E 2 -P ! E 2 . In addition, in the absence K þ a basal phosphatase activity was observed. High concentrations of K þ (>100 mM) reduced both the level of steady-state phosphorylation and the ATPase activity. Since open membrane fragments were used, information about ion transport across the membrane could not be obtained.
Inhibition by orthovanadate
A common inhibitor that was initially used to distinguish P-type from F-type and V-type ATPases is orthovanadate (Pedersen & Carafoli, 1987) . The active species is VO 4 À which was first introduced in the study of Na,K-ATPase (Cantley et al., 1977) . The vanadate adopts a stable trigonal bipyramidal structure and thereby is able to compete with phosphate binding in the transition state of phosphoenzyme hydrolysis. As a result, vanadate traps P-type ATPases in the E 2 -P state (Macara, 1980) . Correspondingly, it was shown that the ATPase activity of the wild type Kdp complex can be inhibited by 1-10 mM orthovanadate (O'Neal et al., 1979; Siebers & Altendorf, 1989) . In detail, it was shown that orthovanadate binds to the E 2 conformation but did not displace 32 P from the phosphoprotein, similar to the SERCA pump (Siebers & Altendorf, 1989) . Later it was found that it also inhibited ion transport (Fendler et al., 1996) .
Electrogenic K þ transport
In early work, K þ transport was studied in E. coli cells (Rhoads et al., 1976) . This technique was used to define apparent affinities for the different K þ transport systems and to screen Kdp mutants that were (5) redistributes between the aqueous phase and the inner leaflet of the vesicle membrane as K þ transport out of the vesicle generates a negative electric potential. The resulting increase in dye concentration in the inner leaflet causes fluorescence quenching. Accordingly, when ATP was added to a vesicle suspension, K þ transport is reflected by decreasing fluorescence as shown in the lower panel. The initial rate of decrease can be used to quantify transport and the exponential shape reflects inhibition of transport as the potential increases. Experimental data were adopted from Damnjanovic et al. (2013) . Lipid vesicles are depicted as gray annuli, Kdp as a multicolored complex and DiSC3 (5) generated in strains lacking all other K þ transport systems (Buurman et al., 1995; Dorus et al., 2001) .) . In this way, a wide array of mutations in KdpA was identified that reduce the K þ affinity of the complex. However, in order to study correlations between transport and ATPase activity, purified KdpFABC complexes were isolated and reconstituted into liposomes. After addition of ATP, inside-out oriented ion pumps, transported K þ , thus generating an inside negative electric potential (Fendler et al., 1996) . Two different approaches were used to monitor the electric potential and thus quantify the rate of transport: (1) A potential-sensitive fluorescence dye, DiSC 3 (5), was added to monitor the buildup of negative potential due to its increased repartitioning into the lipid phase (Apell & Damnjanovic, 2016) (Figure 3 (A)).
(2) Proteoliposomes were adsorbed to planar black lipid membrane (BLM) and external electrodes were used to record the electric potential across the vesicle membrane due to capacitive coupling between the two membranes (Fendler et al., 1996) (Figure 3(B) ). In analogy to the Na,K-ATPase counter transport of a proton was considered, but the authors concluded that their experimental results did not support counter transport of any cation, thus contrasting KdpFABC with most other P-type ATPases. In the context of a Post-Albers cycle, these measurements of charge translocation suggested that K þ transport was associated with release to the cytoplasmic side of the membrane during the dephosphorylation half cycle. Further details were obtained with the low-affinity KdpFABC complex carrying the Q116R mutation in KdpA (Fendler et al., 1999) . In the absence of K þ , studies using BLMs revealed a minor charge translocation. This was assigned to the reorientation of a structural element of the protein: either a negative charge moving from the cytoplasmic to the periplasmic side of the dielectric field (as favored by these authors) or a positive charge moving in the opposite direction. Based on the experimental results the stoichiometry was finally refined to 2 K þ /1 ATP. It was also shown that the small charge transient observed in the absence of K þ was not related to electrogenic conformational transitions in the KdpB subunit. All electrogenicity was assigned to the KdpA subunit. The DiSC 3 (5) dye was used for in vitro characterization of ion selectivity, coupling and pH dependence of transport. In particular, the G232D mutation in KdpA was shown to alter the ion selectivity of the KdpFABC complex (Buurman et al., 1995; Schrader et al., 2000) . This mutant pump transported various monovalent cations with decreasing efficiency, K þ > Rb þ > Na þ > Li þ > H þ , and no Cs þ , but the principal electrogenicity was preserved in this mutant. In a screen for K þ transport mutants, D583 and K586 in TM5 of KdpB were identified to play an important role in coupling ATPase activity to ion transport. Specifically, D583 and K586 were proposed to form a dipole and somehow mediate communication between KdpA and KdpB subunits (Bramkamp & Altendorf, 2005) . When various mutations of these amino acids were investigated, it was found that any modification, including the reversal of the proposed dipole by the double mutant D583K:K586D, had deleterious impacts on K þ transport (Becker et al., 2007) . It was concluded that this charge pair in KdpB is a requirement for energy transmission to facilitate active K þ transport and to trigger the ATP hydrolysis cycle in response to K þ binding.
With respect to pH, steady-state K þ currents were found to be maximal at pH 7.3-7.4 (Damnjanovic et al., 2013) . At lower pH, binding of protons reduced the pump current and at higher pH the release of protons inhibited the electrogenic pump activity. In the absence of K þ on either side of the vesicle membrane, addition of ATP caused a minor H þ transport ($8% of the K þ steady-state current under comparable conditions), which moved charge in the opposite direction from K þ transport (i.e., inside positive). The authors considered the possibility that this small current was an undesired leakage of bound protons to the extracellular side of the membrane during the ATP-triggered phosphorylation half cycle. However, they ultimately concluded that most of the bound protons are not actually transported, but rather are bound as allosteric factors in functional sites that facilitate the transport cycle.
Electrogenic partial reactions
More recently, an electrochromic fluorescence dye, RH 421, was introduced to study electrogenic effect in the KdpFABC complex (Damnjanovic & Apell, 2014b) . This dye has been applied for more than two decades to resolve electrogenic partial reactions of the Na,K-ATPase, first in membrane fragments and later in solubilized preparations (Habeck et al., 2009 ). The dye molecules reside in the lipid phase of the membranes and respond to changes of the local electric field caused by uptake or release of ions from sites within the membrane domain of the protein. Unlike DiSC 3 (5), RH 421 allows the analysis of single reaction steps under non-turnover conditions. When applied to the solubilized KdpFABC complex, RH 421 responded to both K þ and H þ binding to either the E 1 or E 2 -P conformation, as stabilized by the absence or presence of ATP, respectively. The results indicate that these ions bind in an electrogenic manner to a site presumed to be in the membrane domain of the KdpFABC complex. The binding stoichiometry of each ion was relatively independent of the other ion, suggesting that there are independent sites (Damnjanovic et al., 2013) . Studies of K þ -binding indicated that the relevant sites inside KdpA do not move relative to the dielectric field during phosphorylation and dephosphorylation reactions. In the absence of K þ , no significant electrogenic signals were induced by ATP binding, by enzyme phosphorylation (E 1 ! E 1 P), by the E 1 P ! E 2 -P transition (Damnjanovic et al., 2013) , or by backdoor phosphorylation (E 2 ! E 2 -P), consistent with the fact that these reactions take place in the cytoplasmic domain and do not induce charge movement in the membrane domain.
Conformational transitions were studied further with time-resolved ATP-concentration jump experiments on the millisecond time scale (Damnjanovic & Apell, 2014b) (Figure 4) . First, the results from these studies indicate that K þ transport occurred during the dephosphorylation part of the cycle (E 2 -P ! E 2 ). The amplitude of the fluorescence change was consistent with transport of 2 K þ per cycle. Second, the rate-limiting step of the cycle was determined to be the nonelectrogenic conformational transition E 1 P ! E 2 -P. Third, three protons were estimated to bind inside the membrane domain to so-far unidentified allosteric sites. These protons act as co-factors for K þ transport and may, at high concentrations, also function as weak competitors at the K þ transport sites. At low pH in the absence of K þ , protons are translocated with very low efficiency, accounting for the observed inhibition of K þ transport at low pH. These findings led to the proposal of a modified Post-Albers scheme as discussed below ( Figure 5(A) ).
Finally, a role for Mg 2þ in facilitating K þ release at high K þ concentrations was investigated. Because the cytoplasmic K þ concentration in E. coli is generally >200 mM, the ion-binding sites are expected to be occupied by "K þ back binding" to the E 1 state, thus inhibiting pump turnover (Damnjanovic et al., 2013) . Although previous studies showed that K þ concentrations above 100 mM caused a reduction of the pump current (Fendler et al., 1996) , the inhibition was not as strong as expected. Data from the DiSC 3 (5) experiments indicated that Mg 2þ ions bind close to the entrance to the ion-binding sites and lead to a significant reduction of the local K þ concentration due to the Gouy-Chapman effect. As a result, release of K þ into the cytoplasm is facilitated, and in consequence, the turnover rate of the pump is promoted at physiological concentrations of Mg 2þ (Damnjanovic & Apell, 2014a) .
Summary
These biochemical and spectroscopic studies of the KdpFABC complex provided strong evidence for a mechanism conforming to the Post-Albers cycle of P-type ATPases used by Na,K-ATPase or H,K-ATPase The rate constant of the ATP-induced fluorescence decay was independent of the K þ concentration, thus indicating that the rate-limiting step occurred before ion binding. (C) The amplitude of the fluorescence decrease was dependent on K þ concentration with K 1/2 of 6.8 ± 2.0 lM, which correlates with K M for the KdpFABC complex. The data were adapted from Damnjanovic and Apell (2014b) .
(cf. Figure 5(A) ), in which K þ is transported in the second, dephosphorylation half of the cycle (E 2 -P ! E 1 ). The ion pump probably translocates 2 K þ ions per turnover and there is no counter ion transported in the first, phosphorylation half cycle (E 1 ! E 2 -P). Protons have allosteric effects and appear to be required for transport under physiological conditions. The electrogenic reaction steps are restricted to the diffusion of K þ ions into and out of their binding sites on either side of the membrane. There is no significant movement of the ions within the membrane domain of KdpFABC complex during the phosphorylation, dephosphorylation or the conformation transition steps.
Structure studies

Subunit composition and topology
The functional association between the subunits of the Kdp complex was initially tested by combinatorial expression and purification of subcomplexes . For a functional complex, A, B and C subunits must be present. However, co-expression of KdpA and KdpC produces a subcomplex stable enough to survive detergent solubilization and purification, suggesting that they have a strong physical interaction. Given the respective roles of KdpA and KdpB in K þ transport and ATP-hydrolysis, respectively, physical interaction between these subunits seems to be a logical requirement, but the inability to co-purify these two subunits (unlike KdpA and KdpC) indicates a less stable interaction that might depend on the specific state of the transport cycle. Initially, the kdp operon was thought to comprise only three open reading frames, corresponding to A, B, and C subunits (Laimins et al., 1978) . Later, an additional, very small hydrophobic subunit (KdpF) was discovered, which is expressed from the 5' end of the operon Gassel et al., 1999) . Although KdpF is absent in a significant number of bacterial genomes and is not essential for activity of the E. coli complex, it does contribute to the stability and activity of the KdpFABC complex in the detergent-solubilized state (Gassel & Altendorf, 2001; Gassel et al., 1999) .
All four subunits contain one or more transmembrane helices that firmly anchor the complex in the membrane. Hydropathy plots for KdpB initially indicated 6 TM helices, with cytoplasmic domains characteristic of P-type ATPases occurring between TM2-3 and between TM4-5 (Axelsen & Palmgren, 1998; Serrano, 1988) . A seventh TM helix was later proposed (Siebers & Altendorf, 1989; Damnjanovic & Apell, 2014b ) that is in agreement with the "classical" cycle for P-type ATPases. In this case, K þ is imported in the dephosphorylating half cycle. These studies indicated that protons played an allosteric role during the transport cycle, but did not undergo transport across the membrane. (B) Mechanism based on structural studies (Haupt et al., 2004; Huang et al., 2017; Stock et al., 2018) in which K þ is transported in the phosphorylating half cycle. from homology modeling based on the X-ray structure of SERCA (Bramkamp, 2003; Haupt et al., 2004) . Initial predictions for KdpA were based on fusions with PhoA and LacZ, which suggested the presence of 10 TM helices (Buurman et al., 1995) , and on sequence comparison with K channels, which suggested the presence of at least two repeats of the MPM motif characterizing their selectivity filters (Jan & Jan, 1994) . Homology with the SKT superfamily was later extended to produce a model with four MPM repeats (Durell et al., 2000) . This model nicely explained the distribution of K þ affinity mutants that had previously been characterized (Buurman et al., 1995; Dorus et al., 2001) . KdpC has a single TM helix at its N-terminus and no known homologs outside of the Kdp system. The 150 residue C-terminal domain of KdpC was shown to bind and be labeled by azido-ATP with relatively low affinity (Ahnert et al., 2006; Altendorf et al., 1992) . This observation led to a model in which the large C-terminal domain resided within the cytoplasm and was proposed to help the nucleotide-binding domain of KdpB bind ATP (Bramkamp et al., 2007) . Although NMR data was indeed consistent with this interpretation (Irzik et al., 2011) , the recent X-ray structure discussed below revealed the opposite topology, in which the Cterminal domain of KdpC is associated with the periplasmic loops of KdpA. Finally, the 29-residue KdpF subunit comprises a single TM helix, reminiscent of the small regulatory subunits associated with SERCA (phospholamban and sarcolipin) (Primeau et al., 2018) and Na,K-ATPase (FXYD proteins) (Garty & Karlish, 2006) . However, KdpF does not show homology with these other proteins and appears to be associated with a different region of KdpB.
Negative stain electron microscopy studies
As with many P-type ATPases, studies of the 3 D structure began with electron microscopy of two-dimensional crystals. An initial study overexpressed the Q116R low-K affinity mutant and used orthovanadate to induce two-dimensional crystallization of KdpFABC within inside-out vesicles (Iwane et al., 1996) . A low-resolution projection structure from negatively stained crystals showed a monomer with three main domains composing the asymmetric unit. Subsequently, WT KdpFABC purified in detergent was shown to form a mixture of monomers and dimers using size-exclusion chromatography, cross-linking and imaging of negatively stained samples (Heitkamp et al., 2008) . 3 D reconstruction of monomeric complexes using single-particle analysis resulted in a structure at 19 Å resolution that was used to produce an atomic model based on homology modeling and rigid body fitting (Heitkamp et al., 2009) . Around the same time, another group reconstituted WT KdpFABC into liposomes, used orthovanadate to induce two-dimensional crystals, and used electron tomography and subtomogram averaging to generate a structure from negatively stained samples at 24 Å resolution (Hu et al., 2008) . This structure revealed dimeric units composing the crystal lattice, though the intramembrane portions of the complex were not visible due to exclusion of stain from the bilayer.
X-ray crystallographic structure
Structural understanding of the KdpFABC complex was advanced in 2017 by a X-ray crystallographic structure that revealed atomic details of the complex with a resolution of 2.9 Å (Huang et al., 2017) . This structure confirmed the expected folds for KdpA, as a channel-like subunit from the SKT superfamily, and KdpB, as a pump-like subunit from the P-type ATPase superfamily. KdpC and KdpF both had the expected single TM helix ( Figure 6(A) ). The C-terminal domain of KdpC was docked between two periplasmic loops from KdpA, thus ruling out its proposed role as a catalytic chaperone for ATP (Irzik et al., 2011) . Intriguingly, the position of this C-terminal domain near the entrance to the ion binding pathway is reminiscent of the b subunit of the Na,K-ATPase (Morth et al., 2007) . Although these extracellular domains share no structural or sequence homology, they are both indispensable for function and may play some role in regulating ion binding. KdpF was located at the interface between the KdpA and KdpB subunits, consistent with its role in stabilizing the complex in detergent. Gel filtration of the detergent-solubilized complex was consistent with a monomeric state in detergent and molecular contacts in the crystal were not consistent with the formation of a physiologically relevant oligomer.
Ligands were bound at functional sites in the membrane domains of both KdpA and KdpB. Specifically, densities were seen within the selectivity filter of KdpA and at the canonical cation binding site of P-type ATPases, next to the M4 helix of KdpB; the former was modeled as K þ and the latter as a water molecule based on the presence and absence of anomalous scattering, respectively (Figure 6(B) ). In the cytoplasmic domains of KdpB, the structural elements responsible for ATP hydrolysis were all present. Specifically, the P domain harbors the aspartate residue that is transiently phosphorylated, the N domain has the ATP binding pocket, and the A domain has a Figure 7 . Phosphorylation and structural environment of Ser162. This residue is part of the conserved TGES motif in the A domain (yellow), which occupies different configurations in the three structures. (A) Crystal structure which represents the E 1 enzymatic state. (B) State 1 structure from cryo-EM which also represents the E 1 state. (C) State 2 from cryo-EM which represents the E 2 state. The phosphor-serine, S162(P), mediates a salt bridge with two non-conserved residues in the N domain (red) in the X-ray structure. The A domain is known to be highly mobile and although its resolution in cryo-EM maps was not sufficient to see the phosphate, the juxtaposition of A and N domains in these two structures indicated that the salt bridge could not be formed. In state 2, E161 is seen approaching the catalytic aspartate (D307) in the P-domain (blue), which reflects its role in hydrolysis of the phosphoenzyme in the E 2 state. conserved TGES motif that hydrolyzes the aspartyl phosphate. Given the dramatic changes seen in the cytoplasmic domains of SERCA between different conformational states (Møller et al., 2010) , their configuration can be used to deduce the enzymatic state; thus, this X-ray structure appears most similar to the E 1 state, in which the catalytic aspartate in the P domain is facing the N domain and the A domain is disengaged from the catalytic site. Furthermore, the M4 helix, which harbors the canonical cation site, is in an extended conformation consistent with allosteric signals that characterize the E 1 state and that initiate the phosphorylation of the catalytic aspartate. Based on these observations, the authors speculated that the water molecule bound at the canonical site in some way senses the binding of K þ by KdpA and initiates the ATPase cycle of KdpB.
Despite the overall similarities to other P-type ATPases, KdpB has some unique features. The A domain is known for its flexibility, but in KdpB, it is rotated $180 relative to the E 1 conformation in SERCA and the conserved TGES sequence interacts with the N domain via an unprecedented phosphoserine (Ser162) (Figure 7) . Also, the N domain is so close to the P domain that ATP is sterically excluded from its binding site. These unusual features suggested that constraints imposed by the phosphoserine might be inhibitory, an idea that was supported by a stimulatory effect of lambda phosphatase on ATPase activity.
KdpA has an architecture related to K channels, which is represented by KcsA. This architecture centers on a selectivity filter built from four symmetric, glycine-rich loops that use carbonyl oxygens to coordinate K þ within the conductance pore. There are four primary sites denoted S1-S4 that form a linear array of well-ordered densities in KcsA and other homotetrameric channels. This linear array is essential to their selectivity, which is governed by the kinetics of ion binding and release rather than by equilibrium binding (Liu & Lockless, 2013) . In contrast, KdpA and its relatives TrkH and KtrB are a single polypeptide chain and the filter has only approximate four fold symmetry. The oxygen ligands that coordinate ions are more poorly ordered and only a single K þ is seen at the S3 site ( Figure 6(B) ) (Cao et al., 2013; Vieira-Pires et al., 2013) . In the case of TrkH and KtrB, which function as channels with a high flux of ions, loss of the linear array on ions leads to poor selectivity for K þ over Na þ (Diskowski et al., 2015) . KdpFABC, however, operates as a pump with a much slower turnover rate ($100 s À1 ). As a result, equilibrium binding governs selectivity and the innate preference of the filter architecture explains the observed $100-fold selectivity for K þ over Na þ (Liu & Lockless, 2013) .
The X-ray structure also showed that the K þ site in KdpA is connected to the canonical cation site in KdpB by a tunnel that is completely buried within the hydrophobic core of the protein. Although similar tunnels have never been seen in P-type ATPases, the extraordinary length of over 40 Å spanning two subunits and connecting the two functional sites suggested that this tunnel serves a functional purpose in the mechanism of KdpFABC. Based on the 1.4 Å diameter and the fact that the tunnel has access to the aqueous phase via the selectivity filter suggests that it is filled with water, similar to cavities described in other proteins, including channels. The authors suggested that this tunnel would accommodate a single line of water molecules, which could serve as a "wire" to transmit protons between the two sites, as is discussed in the next section.
Although the pseudo four-fold repeat of KdpA appears to be a gene duplication of the M 1 PM 2 fold from KcsA, the third repeat features a distinctive kink in the M 2 helix that has also been seen in TrkH and KtrB. The intramembrane loop connecting the two halves of this M 2 helix lies directly above the selectivity filter and blocks escape of ions toward cytoplasmic side of the membrane, suggesting that it represents a gate (Figure 8) . For TrkH and KtrB, associated cytoplasmic subunits (TrkA and KtrA) have been proposed to open this gate by pulling on the distal part of the M 2 helix (Diskowski et al., 2015) . In the Kdp complex, similar control was ascribed to KdpB, which is connected to the kinked M 2 helix via a network of interactions with the P domain. Based on these features, the paper concluded that the KdpA subunit provided a pathway for K þ that was consistent with that proposed for SKT channels. The function of the KdpB subunit was to sense K þ binding through water mediated interactions and then to drive opening and closure of the channel to produce active transport (Huang et al., 2017) .
Cryo-Electron microscopy studies
In 2018, two cryo-EM structures emerged to show several new features with intriguing mechanistic implications. The new structures were derived from a single detergent-solubilized sample containing K þ , AMPPCP and AlF4 À and represent two distinct conformational states (termed state 1 and state 2) (Stock et al., 2018) that were resolved to 3.7 Å and 4.0 Å respectively (Figure 8 ). Overall these structures confirmed the general topology and organization of the KdpFABC complex and offered no evidence for oligomerization. Neither state showed significant differences in the KdpA, KdpC and KdpF subunits.
Major structural changes were seen, however, in the cytoplasmic domains of KdpB. Comparison with structures of SERCA showed that state 1 resembled an E 1 -AMPPCP state, whereas state 2 was most similar to an E 2 -AlF4, or E 2 -P state. Because the resolution near the catalytic site was in the 5-6 A range, AMPPCP and AlF4 À could not be directly visualized; nevertheless, these ligands could be docked into their expected binding sites without clashes. For both states extra density at Ser162 indicated that, like in the crystal structure, this residue was phosphorylated, and this conclusion was supported by data from mass spectrometry. It is still unclear how the Ser162-phosphorylated state affects transport activity, but the EM work clearly shows that the interaction observed in the crystal structure between the phosphorylated Ser162 and the N domain is not stable in solution (Figure 7(B,C) ).
This new E 1 state was overall very similar to the crystal structure, despite differences in the positions of A and N domains. In particular, the N domain is poised differently above the P domain in a position that presumably facilitates transfer of Pi to the catalytic aspartate. Although the A domain has translated by $14 Å, its unusual angle relative to the P domain is similar to the crystal structure. In the membrane domain, a tunnel was described running from the M4 site of KdpB to the selectivity filter of KdpA, though it narrows significantly below 1.4 Å at the subunit interface, and the gating loop was found to be blocking the classical channel exit pathway through KdpA, just as in the crystallographic structure (Figure 8) .
The new putative E 2 -P state showed some surprises. Although the positions of the P domain and A domain were consistent with crystallographic work on SERCA, the coupling helix and gating loop from KdpA were unmoved (Figure 8 ). These elements of D3M2 had been proposed to be the cytoplasmic gate to the selectivity filter and interactions with the P-domain suggested a mechanism to operate this gate. Instead, this structure suggested that K þ followed a completely different path through the protein. Although the tunnel is observed in KdpA, it ends at the interface between KdpA and KdpB subunits and a new channel leads from the cytosol towards the canonical binding site in the KdpB, thus providing a potential exit path running between the now disconnected coupling helix and the P domain (Figure 8 ). This exit channel is completely different from the cytosolic entry/exit channel observed in SERCA, which runs between M1, M2 and M3.
These observations led the authors to suggest that K þ might enter the selectivity filter in KdpA, move through the tunnel to the canonical binding site in KdpB, and then be released to the cytosol (Figure 9 ). In support of this idea, 4 density peaks were observed along this pathway and were modeled as K ions. In state 2, a peak was found between the selectivity filter and the gating loop of KdpA right next to the mouth of the tunnel. In state 1, 3 peaks were observed within the proposed pathway. One was at the S1 position in the selectivity filter (not S3 as in the crystal structure, and the TrkH and KtrB structures). The second peak was in the same position as in state 2, just above the filter in the KdpA subunit below the coupling helix. The last peak in state 1 was inside the tunnel near the subunit interface. In this last position, the peak is 4.5 Å from the nearest polar moiety (carbonyl oxygen on Ala227 of KdpB), but within van der Waals binding distance (<4 Å) of carbon-atoms from Val538 (KdpA), Ile421 (KdpA) and Val231 (KdpB). There is no density at the canonical site in KdpB, where a distinct peak in the crystal structure was modeled as water. Although there may be some uncertainty in assignment of these peaks, collapse of the tunnel in KdpA and opening of a potential exit channel in KdpB in the E 2 -P state led to the novel idea that ions are shuttled from KdpA across to KdpB, which then exports them to the cytosol. The derived mechanism completely redefines the location of the two gates needed for transport and suggests that KdpA may simply select K þ ions from the media and hand them to KdpB for energycoupled transport (Figure 9 ).
Approach to an unified mechanistic model
Despite the sustained effort over several decades and the recent breakthrough in structural analysis, the results of functional and structural studies only lead to contradictions about the order of events in the reaction mechanism that underlies transport by the KdpFABC complex. Rather than try to reconcile these contradictions we will use the following section to identify key issues with the hope to guide future experiments that will eventually clarify the inner workings of this fascinating molecular machine.
The pump cycle
As introduced above, the Post-Albers cycle represents an archetype that has been adapted to all P-type ATPases studied so far. The cycle is characterized by two fundamental observations ( Figure 2) : (1) Transport is performed in a consecutive mode in which the primary ion species is bound from the cytoplasm, then, after release to the extracellular or luminal milieu, a second ion species is bound at these same sites and imported to the cytoplasm. (2) Export of the primary ions from the cell is performed in the first half cycle in which the enzyme is phosphorylated by ATP and import of secondary, counter-ions (either H þ or K þ ) occurs during the second, dephosphorylation half cycle. Exceptions include H-ATPases, Cu-ATPases, lipid flippases and KdpFABC, which do not appear to transport any counter-ion. In the case of H-ATPase, H þ is exported in the first half of the cycle, suggesting that H þ act as the primary ion according to point 2 above. Although the polar lipids carried by lipid flippases represent a fundamentally different substrate, these lipids are moved from the outer to the inner leaflet of the bilayer during the second half cycle, making them analogous to a counter ion in the Post-Albers cycle. In the case of KdpFABC, K þ is imported into the cell with functional studies indicating that this occurs during the first half cycle while structural studies indicate the opposite, thus bringing uncertainty to the order of events in the cycle Evidence for K þ transport in the enzyme dephosphorylating half-cycle Evidence for K þ transport in the second half of the cycle (Figure 5(A) ) comes from one of the first functional studies of phosphorylated intermediates, which found maximal steady-state levels of phosphorylation in the absence of K þ (Siebers & Altendorf, 1989) . Upon addition of up to millimolar K þ , ATPase activity increased to maximal levels, while the level of steadystate phosphoenzyme decreased to a basal level. The authors concluded that formation of the phosphoenzyme from the E 1 conformation is not dependent on K þ binding, but that K þ stimulates dephosphorylation which would in turn lead to its transport in the second half of the cycle. The next study to investigate ion-moving partial reactions responsible for ion movement used fluorescence dyes that are sensitive to the local electric-field (Damnjanovic & Apell, 2014b) . In time-resolved experiments the RH21 dye reported on the electrogenic response of the KdpFABC complex to an ATP-concentration jump. Whereas the rate of the response was independent of K þ , the magnitude of the response depended on K þ concentration with a K 1/2 of $5.3 mM, consistent with the K m for transport. These observations suggested that K þ binding sites were not occupied during the rate-limiting formation of E 1 $P, but bound after the enzyme transitioned to the deoccluded E 2 -P state, thus also supporting a mechanism in which transport occurs during the second, dephosphorylating half of the cycle.
Evidence for K þ transport in the enzyme phosphorylating half-cycle Proposals for K þ transport during the phosphorylation half cycle ( Figure 5(B) ) first arose from NMR studies of the isolated nucleotide-binding domain (Haupt et al., 2004) . The authors pointed out that as a general principle, ion binding to P-type ATPases typically gave rise to a high ATP affinity conformation and that ion-binding sites were always occupied when ATPase activity was observed. This point of view was reiterated a year later in interpreting results on single amino-acid substitutions in KdpB (Bramkamp & Altendorf, 2005) . These authors argued that enzyme activity and ion transport require an interplay between the KdpA and KdpB subunits and that the energy provided by ATP hydrolysis in KdpB is needed to fuel K þ transport in KdpA. They proposed that ATP-driven reorientation of a dipole formed by D583 and K586 at the interface between KdpB and KdpA mediated this exchange of energy. This "phase shifted" Post-Albers cycle also appeared to be consistent with structural analyses. In the crystal structure of the KdpFABC complex the arrangement of the cytoplasmic domains of the KdpB subunit indicated an E 1 conformation and the KdpA subunit revealed an ion-binding site that was occupied and open to the extracellular milieu (Huang et al., 2017) . This conformation was seen again in the cryo-EM structures (Stock et al., 2018) , resembling an E 1 state, whereas in the other, E 2 -like state, KdpB had blocked access from the extracellular side and provided a channel to allow ions to escape toward the cytoplasm. At face value, these structural studies are in agreement with a Post-Albers cycle in which K þ inward transport occurs in the first half cycle that accompanies phosphorylation.
Future directions
At this point in time, additional information from both functional and structural studies are required to clarify the intriguing structural mechanism of KdpFABC. Some of the issues that need to be addressed are as follows. Does K þ move through the tunnel from KdpA to KdpB, as suggested by the cryo-EM structures, or does it move exclusively through KdpA, as was previously proposed. Although a density is seen in the cryo-EM structure of state 1, polar ligands necessary to coordinate a dehydrated ion are not present along this tunnel making it important to consider the energetic feasibility of this pathway. Furthermore, the tunnel diameter in the presented E1 structure from cryo-EM falls in KdpB well below that of K þ and the exit channel in the E2 structure does not appear to reach the canonical ion binding site in KdpB. Clarification of the densities both within the tunnel and at the canonical ion site in KdpB, which was modeled as a water molecule in the crystal structure, would help address the path taken by K þ during transport.
In addition, more information about the intracellular and extracellular gates is needed. Does the "gating loop" formed by the D3M2 element on KdpA play an active role in transport, or a static element that redirects K þ into the tunnel? The idea that this loop plays a role in gating originates with work on TrkH and KtrB, but the most recent cryo-EM structures of KtrB in the open state show a completely different conformational change without displacement of this loop, suggesting that it may be a static element (Diskowski et al., 2017) . Where is the extracellular gate required to occlude K þ ? Does the soluble domain of KdpC play a role in blocking the extracellular entrance to the selectivity filter, or are ions trapped at the canonical site in KdpB by collapse of the tunnel? The location of KdpC near the mouth of the selectivity filter is intriguing, but the mechanistic model derived from the cryo-EM structures suggests that KdpA is relatively static and that conformational changes in KdpB controls access to the canonical ion binding site on M4.
These fundamental questions indicate that we still do not understand the design principles for this hybrid pumping system and its relationship to the SKT and P-type ATPase families. KdpB has been described as the evolutionary precursor for the P-type superfamily with the implication that other branches of the family gained the ability to select and directly bind their respective substrates (Axelsen & Palmgren, 1998) . In the Kdp complex, the KdpA subunit appears to fill that role, making KdpB the only P-type pump where selection of substrate does not occur in the primary and occluded binding site. Why does KdpB require lateral transfer of K þ from a selectivity filter rather than binding K directly from the extracellular side like Na/K-ATPase? Are there other members of the P-type ATPase superfamily, such as those Type V ATPases with unknown function, that partner with other subunits to bind and select novel substrates? Similarly, the proposed channel toward the cytosol seen in the cryo-EM structure of KdpFABC is so far unique amongst known P-type ATPases and calls for future study.
An important unanswered question relates to the effect of serine phosphorylation on KdpFABC. The discovery of this posttranslational modification in the crystal structure was a surprise and evidence was presented that phosphorylation of KdpB-Ser162 is inhibitory (Huang et al., 2017) . Considering evidence that E. coli can rapidly shut down transport by the Kdp complex when placed in K þ rich media (Roe et al., 2000) , it seems reasonable to hypothesize that this inhibition may have physiological importance. In fact, maximal ATPase activities reported in the literature vary by almost two orders of magnitude, which might be explained by differing levels of serine phosphorylation. It is therefore important to determine the effects that this phosphorylation has on the observed structural conformations and on the functional data relating K þ transport to phosphoenzyme formation and hydrolysis. For a start, the orientation of the A-domain in the crystal structure and in the cryo-EM state 1 are uncharacteristic of P-type ATPases and the presence of this additional charge near the catalytic site in the E 2 state seems likely to have some effect on the dephosphorylation step. Further structural and functional studies on unphosphorylated and fully active KdpFABC preparations will be important to try to resolve the current contradictions about the causality between K þ binding and phosphorylation of the catalytic aspartate in the P domain, thus producing a mechanistic model that everyone can agree on.
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